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Abstract

We report the identification of 10 new human homeobox
sequences. Altogether, we have isolated and sequenced 32 human
homeoboxes clustered in 4 chromosomal regions called HOX 1loci.
HOX1 includes 8 homeoboxes in 90 kb of DNA on chromosome 7.
HOX2 includes 9 homeoboxes in 180 kb on chromosome 17. HOX3
contains at 1least 7 homeoboxes in 160 kb on chromosome 12.
Finally, HOX4 includes 6 homeoboxes in 70 kb on chromosome 2.
Homeodomains obtained from the conceptual translation of the
isolated homeoboxes can be attributed to 13 homology groups on
the basis of their primary peptide sequence. Moreover, it is
possible to align the 4 HOX loci so that corresponding homeo-
domains in all 1loci share the maximal sequence identity. The
complex of these observations supports and extends an
evolutionary hypothesis concerning the origin of mammalian and
fly homeobox gene complexes. We also determined the coding
region present in 3 HOX2 cDNA clones corresponding to HOX2G,
HOX2H and HOX2I.

Introduction

Genes containing homeobox sequences encode nuclear proteins
with regulatory functions in a wide variety of organisms, from
yeast to man (1,2). Many of these genes function in the control
of early developmental programs in Drosophila and most likely in
other organisms. Evidence is accumulating that the encoded
homeoproteins function as transcription factors regulating the
expression of other genes and homeodomain binding sites have
been identified in the cis-regulatory sequences of genes known
to be regulated by homeobox genes (3,4). On the other hand,
homeoproteins have been shown to be transcriptional activators
of the growth hormone and prolactin genes in the pituitary and
to bind to the octanucleotide sequence present in many mammalian
promoters and enhancers (5,6).

Although the DNA-binding domain specified by the homeobox,
termed homeodomain (HD), is clearly an ancient and conserved
functional motif, homeobox gene families have evolved encoding
HDs with different primary sequences. Indeed, known HDs can be
attributed to different classes according to their primary
sequence. Class I HDs are the most closely related to the
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Antcennapedia (Antp) HD and have also been designated Antp-like

IDs (7). In Drosophila, genes containing a class I HD
are clustered in two complex 1loci, the Antennapedia-complex
(ANT-C) and the bithorax-complex (BX-C) (8). Mouse and human

class I homeobox genes appear to be clustered in a similar way
in restricted genomic regions (HOX loci) of at 1least four
chromosomes (9,2).

We previously reported the isolation of 20 human homeoboxes
(9). We report here the identification of 10 new homeoboxes and
summarize the genomic organization of 30 human homeoboxes so far
identified in the four HOX1l, 2, 3 and 4 loci. These HOX loci
appear to be homologous to each other and, to a more 1limited
extent, to the Drosophila homeotic gene complexes.

Materials and Methods

A human genomic library in pcos2EMBL cosmid vector (10) was
kindly provided by Anna-Maria Frischauf. Two cDNA libraries in
Agtll (11) were prepared from N-TERA2 cells derived from a human
teratocarcinoma treated with 10 uM retinoic acid for 14 days
(12,13). All 1libraries were screened according to standard
procedures (14). We previously published partial genomic maps
(16,17,9) of the four HOX 1loci. These were obtained by
chromosome walking around the homeobox sequences first isolated,
i.e. HOX1D, 2C, 3C and 4B. We used pcos2EMBL cosmid clones
throughout and did not find any inconsistency in comparing maps
derived from cosmid clones and restriction maps on genomic DNA
extracted from peripheral lymphocytes. 1Interestingly, only one
example of restriction fragment length polymorphism was found
during this analysis: a BglII polymorphism upstream from the
HOX1H homeobox. We have now extended this analysis and isolated
new cosmid clones (Fig. 1). Every cosmid clone overlaps for at
least 7 kb adjacent clones. Homeobox sequences were identified
using the oligonucleotide 5'TGGTTCCAGAACCGGCGGATGAA3' represent-
ing the most conserved portion of human homeoboxes. DNA
fragments of interest were subcloned and nucleotide sequences
were determined according to Sanger et al. (15).

Results

We have previously reported partial genomic maps of the HOX
loci (16,17,9) and their chromosomal assignment (18). We have
now extended the chromosome walking around the reported genomic
regions by the screening of a genomic library constructed in the
cosmid vector pcos2EMBL (10). Genomic maps obtained from
isolated clones were confirmed by restriction analysis of human
DNA extracted from peripheral 1lymphocytes. Homeoboxes were
identified using a synthetic oligonucleotide representing the
most conserved portion of the class I homeobox (see Materials
and Methods), subcloned and sequenced.

Fig. 1. Genomic organization of mapped regions of the human HOX
loci. Identified homeobox sequences are shown as filled boxes.
Transcription is from left to right. Chromosomal localization
is indicated in brackets after each HOX designation. Maps of
various loci derive from the analysis of overlapping cosmid
clones reported below them. E=EcoRI.
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Fig. 2A shows the nucleotide sequence of 10 new homeoboxes
translation of
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homeoboxes identified so far.
homeoboxes were previously reported by us (9).
and 4E homeoboxes was

HOX2A,

in mouse and man
we attributed the murine Hox-5.1, 5.2
5.3 homeoboxes to the HOX4 locus and termed their human cognates
The human Hox-5.4 homeobox
The general scheme
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also

of four regions of the
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Complete sequencing of the

2B,
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2C .... 2G,

all 30 human
of 20 of these
Identification
(19). Their

published sequences are identical to those we report here.

It has
grouped in sub-classes
peptide sequence (17,9,7).
mouse as well

BOXIG
HOXH
Hoxul
Hoxw
HOXSF
HODG
Hoxe
BOXD
HOXE
Hoxr

as frog,

30
ACT COC AAA AAG CGG TCC CCC TAT ACA AM

GCT CGG AAG AAG COC TGC CCC TAC ACG AAG
ACC COC AAA AAG COC TOC CCC TAT ACC AAG
GGG AGA AAG AAG COC GTG CCT TAT ACC AAG
TCT COG AAG AAG COC AAG CCC TAT TCG AAG
GGG CGC AAG AAA CGC GTG OCC TAC ACT AAG
ACC COC AAA AAG COC TCT OCC TAC ACC AM
0GC AGA AAG AAG AGG TCC CCT TAC ACT AAG
AGA CGC AGA GGA AGA CAA ACC TAC AGT CGC
TCC COG AAA AAG CCC TCT OCC TAT ACC AAG

120
AGG TAC GAG GTG GCT CGA CTG CTC AKC CIC
C0C CTA GAG ATT AGC CGC AGC CTC CAC CTC
CGC CTG CAA CTG TOC CCC ATG CTC AKC CTC
COG AGG CGG ATA TCA COC ACC ACG AAT CTC
COC AGG GAA CTC TCA GAC (CC TIG AAT CTT
€GC COG CGC ATC TCC GOC ACC ACG AKC CTC
CGC TAC GAG CTG GOC ACG ATT CIC AAC CTA
CGC CTA GAG ATC AGT AAC AGC GTT AXC CTC
AGA ATC GAG GTT TCC CAC OCC CTA CCC CTC
AGA CTT CAA CTC TCT COC ATG CTC AKC CTC

rat,

been previously noticed that
or groups

These

L
CAC CAG ACC CTG GAA CTC GAG AAA GAG TTT

CAC CAG ACA CTG GAG CTC GAG AAG GAG TTT
TAC CAG ATC CGA GAG CTG GAA CGG GAG TTC
GTG CAA TTA AM GAA CTT GAA CGG CAA TAC
TIG CAA CTG GCA GAG CTC GAG GGC GAG TTT
GTG CAG CTC AAG GAG CTA GAG AAG GM TAC
TAC CAG ACC CTT GAG CTG CAG AAA GAA TTC
CAC CAA ACG CTG GAA TTA GAA AAA GAG TTC
TIC CAA ACT CTA GAG TIG GAA AAG GAA TTT
TAC CAG ATC CCC GAA CTG GAA CCC GAG TTT

%0
ACC GAG AGG CAC GTC ANG ATC TGC TIC CAG
ACG GAC AGA CAA CTG AM ATC TOC TIT CAG
ACT GAT CGT CAA GTC AM ATC 170G TTT CAC
TCT GAG COG CAG GTC ACA ATC 7GC TTC CAG
AGT GAC CAG CAG CTC AAG ATC TGC TTT CAG
TCT GAG COC CAG GTA ACC ATC T6C TTC CAG
ACA GAG AGA CAG CTG AM ATC TGC TTT CAG
ACC GAC AGG CAG CTC AAG ATT TGG TIT CAA
ACC GAG AGA CAG GTA AM ATC TGG TTC CAG
ACT GAC CGG CAA CTC AMA ATC T6C TTC CAG

on the basis
groups may include human
zebrafish, salmon,

class I HDs may be
primary
and
and

of the

chicken

90
CTG TTC AAC ATG TAC CTC ACC AGG GAC CGC

C1G TIC AAT ATG TAC CTT ACT CGA GAG CGG
TIC TIC AGC CTC TAC ATT AAC AAA GAG MG
GCC ACG AAT AAA TIC ATT ACT AAG GAC AAA
CTG GTC AAC GAG TIC ATC ACA CGC CAG CGC
GCG GCT AGC AAG TIC ATC ACC AAA GAG AAC
CTG TIC AAC ATG TAC CTC ACC CGG GAC CGC
TIG TIC AAT ATG TAC CTC ACC CGC GAG OGC
CTT TIT AAC CCC TAT CTG ACC AGG AAA AGA
TIC TIT AAC TG TAC ATA AAC AAA GAG AMA

180
AAC 0GC AGG ATC AM ATC AAG AAA ATC AAC AMA
AAC (OC AGG ATG AM CTG AAG AAA ATG AAT CGA
AAC AGG AGA ATC AAG GM AM AAA ATT AAC AGA
AAC AGG AGG CTT AM GAG AMA AMA GTC ATC CAA
AAC (GG AGA ATG AM AAG AMA AGA CTT CIG TIG
AAC 00G COG GTC AM GAG AAG AAG CTG CTC AGC
AAC CCT AGG ATG AM ATC AM AAG ATC AGC AMG
AAC OGC CCA ATG AM CTC AAG AAG ATG AGC CGA
AC AGG AGA ATG AM TOG AAA AAG GAA AAC AAC
AAT OCC AGG ATG AM GAA AAG AMA CTG AAC AGA
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Fig. 2.

10
Arg Lys Arg Gly Arg Gln Thr Tyr Thr Arg
Gly Arg Arg Gly Arg Gln Thr Tyr Thr Arg
Gly Lys Arg Ala Arg Thr Ala Tyr Thr Arg
Pro Lys Arg Ser Arg Thr Ala Tyr Thr Arg
Thr Arg Lys Lys Arg Cys Pro Tyr Thr Lys
Gly Arg Lys Lys Arg Cys Pro Tyr
Thr Arg Lys Lys Arg Cys Pro Tyr
Gly Arg Lys Lys Arg Val Pro Tyr
Gly Lys Arg Ala Arg Thr Ala Tyr
Thr Ala Arg Gly Arg Gln Thr Tyr
Arg Lys Arg Gly Arg Gln Thr Tyr
Arg Arg Arg Gly Arg Gln Thr Tyr Ser Arg
Ser Arg Lys Lys Arg Cys Pro Tyr Thr Lys
Pro Lys Arg Ser Arg Thr Ala Tyr Thr Arg
Ser Lys Arg Ala Arg Thr Ala Tyr Thr Ser
Ala Arg Arg Leu Arg Thr Ala Tyr Thr Asn
Pro Ser Gly Leu Arg Thr Asn Phe Thr Thr
Arg Arg Ser Gly Arg Gln Thr Tyr Ser Arg
Thr Arg Lys Lys Arg Cys Pro Tyr Thr Lys
Arg Arg Arg Gly Arg Gln Ile Tyr Ser Arg
Gly Lys Arg Ser Arg Thr Ser Tyr Thr Arg
Pro Lys Arg Ser Arg Ala Ala Tyr Thr Arg
Ser Arg Lys Lys Arg Lys Pro Tyr Ser Lys
Gly Arg Lys Lys Arg Val Pro Tyr Thr Lys
Ser Lys Arg Val Arg Thr Thr Tyr Thr Ser
Pro Lys Arg Ser Arg Thr Ala Tyr Thr Arg
Thr Arg Lys Lys Arg Cys Pro Tyr Thr Lys
Gly Arg Lys Lys Arg Cys Pro Tyr Thr Lys
Arg Arg Arg Gly Arg Gln Thr Tyr Ser Arg
Ser Arg Lys Lys Arg Cys Pro Tyr Thr Lys

ggggad
Z53535%

Arg Ile Glu Ile Ala His Ala Leu Cys
Arg Ile Glu Ile Ala Asn Ala Leu Cys
Arg Ile Glu Ile Ala His Ala Leu Cys
Arg Ile Glu Ile Ala His Thr Leu Cys
Arg Tyr Glu Val Ala Arg Leu Leu Asn Leu
Arg Leu Glu Ile Ser Arg Ser Val His Leu
Arg Leu Gin Leu Ser Arg Met Leu Asn Leu
Arg Arg Arg Ile Ser Ala Thr Thr Asn Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Ile Ala His Ala Leu Cys Leu
Arg Ile Glu Val Ser His Ala Leu Gly Leu
Arg His Glu Val Ala Arg Leu Leu Asn Leu
Arg Val Glu Ile Ala His Ala Leu Cys Leu
Arg Val Glu Met Ala Asn Leu Leu Asn Leu
Arg Val Glu Ile Ala Ala Leu Leu Asp Leu
Arg Val Glu Ile Ala Ala Thr Leu Glu Leu
Arg Ile Glu Val Ser His Ala Leu Gly Leu
Arg Tyr Glu Val Ala Arg Val Leu Asn Leu
Arg Ile Glu Ile Ala Asn Ala Leu Cys Leu
Arg Ile Glu Ile Ala Asn Asn Leu Cys Leu
Arg Ile Glu Ile Ala His Ser Leu Cys Ley
Arg Arg Glu Leu Ser Asp Arg Leu Asn Leu
Arg Arg Arg Ile Ser Ala Thr Thr Asn Leu
Arg Val Glu Met Ala Asn Leu Leu Asn Leu
Arg Ile Glu Ile Ala His Thr Leu Cys Leu
Arg Tyr Glu Val Ala Arg Ile Leu Asn Leu
Arg Leu Glu Ile Ser Lys Ser Val Asn Leu
Arg 1le Glu Val Ser His Ala Leu Ala Leu
Arg Leu Gln Leu Ser Arg Met Leu Asn Leu

EFEEE

Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Gln Gln Val Leu Glu Leu Glu Lys Glu Phe
His Gln Thr Leu Glu Leu Glu Lys Glu Phe
His Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Ile Arg Glu Leu Glu Arg Glu Phe
Val Gln Leu Lys Glu Leu Glu Arg Glu Tyr
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys GClu Phe
Tyr Gin Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Gln Gln Val Leu Glu Leu Glu Lys Clu Phe
Ala Gln Leu Val Glu Leu Glu Lys Glu Phe
Thr Gln Leu Leu Glu Leu Glu Lys Glu Phe
Arg Gln Leu Thr Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Clu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
Gln Gln Val Leu Glu Leu Glu Lys Glu Phe
Leu Gln Leu Ala Glu Leu Glu Gly Glu Phe
Val Gln Leu Lys Glu Leu Glu Lys Glu Tyr
Ala Gln Leu Val Glu Leu Glu Lys Glu Phe
Gln Gln Val Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Thr Leu Glu Leu Glu Lys Glu Phe
His Gln Thr Leu Glu Leu Glu Lys Glu Phe
Phe Gln Thr Leu Glu Leu Glu Lys Glu Phe
Tyr Gln Ile Arg Glu Leu Glu Arg Glu Phe

Thr Glu Arg Gln Ile Lys Ile Trp Phe Gin
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Asp Arg Gln Val Lys Ile Trp Phe Gln
Thr Asp Arg Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Val Thr Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gin
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Val Trp Phe Gln
Asn Glu Thr Gln Val Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gin
Asn Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Ser Asp Gln Gln Val Lys Ile Trp Phe Gln
Ser Glu Arg Gln Val Thr Ile Trp Phe Gln
Thr Glu Arg Gln Ile Lys Ile Trp Phe Gin
Ser Glu Arg Gln Ile Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Asp Arg Gln Val Lys Ile Trp Phe Gln
Thr Glu Arg Gln Val Lys Ile Trp Phe Gln
Thr Asp Arg Gln Val Lys Ile Trp Phe Gln

Identified human HOX homeoboxes.
A) Nucleotide sequences of 10 new homeoboxes.
B) Alignment of homeodomains

obtained from the

0
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
Leu Phe Asn Met Tyr Leu Thr Arg Asp Arg
Leu Phe Asn Met Tyr Leu Thr Arg Glu Arg
Phe Phe Ser Val Tyr Ile Asn Lys Glu Lys
Ala Thr Asn Lys Phe Ile Thr Lys Asp Lys

His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Tyr Asn Arg Tyr Leu Thr Arg Arg Arg
His Tyr Asn Arg Tyr Leu Thr Arg Arg Arg
Leu Phe Asn Pro Tyr Leu Thr Arg Lys Arg
Leu Phe Asn Met Tyr Leu Thr Arg Asp Arg
His Tyr Asn Arg Tyr Leu Thr Arg Arg Arg
His Phe Asn Arg Tyr Leu Cys Arg Pro Arg
His Phe Asn Lys Tyr Leu Cys Arg Pro Arg
His Phe Asn Lys Tyr Leu Ser Arg Ala Arg
Leu Phe Asn Pro Tyr Leu Thr Arg Lys Arg
Leu Phe Asn Met Tyr Leu Thr Arg Asp Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
His Tyr Asn Arg Tyr Leu Thr Arg Arg Arg
Leu Val Asn Glu Phe Ile Thr Arg Gln Arg
Ala Ala Ser Lys Phe Ile Thr Lys Glu Lys
His Phe Asn Arg Tyr Leu Cys Arg Pro Arg
His Phe Asn Arg Tyr Leu Thr Arg Arg Arg
Leu Phe Asn Met Tyr Leu Thr Arg Asp Arg
Leu Phe Asn Met Tyr Leu Thr Arg Glu Arg
Leu Phe Asn Pro Tyr Leu Thr Arg Lys Arg
Phe Phe Asn Val Tyr Ile Asn Lys Glu Lys

Asn Arg Arg Met Lys Trp Lys Lys Glu His Lys
Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Asp Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Asp His Lys
Asn Arg Arg Met Lys Met Lys Lys Ile Asn Lys
Asn Arg Arg Met Lys Leu Lys Lys Met Asn Arg
Asn Arg Arg Met Lys Glu Lys Lys Ile Asn Arg
Asn Arg Arg Val Lys Glu Lys Lys Val [le Asn
Asn Arg Arg Met Lys Irp Lys Lys Asp Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Glu Ser Lys
Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Asn
Asn Arg Arg Met Lys Met Lys Lys Met Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Asp His Lys
Asn Arg Arg Met Lys Tyr Lys Lys Asp Gln Lys
Asn Arg Arg Met Lys His Lys Arg Gln Thr Gln
Asn Arg Arg Met Lys Gln Lys Lys Arg Glu Arg
Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Asn
Asn Arg Arg Met Lys Met Lys Lys Met Asn Lys
Asn Arg Arg Met Lys Trp Lys Lys Glu Ser Asn
Asn Arg Arg Met Lys Trp Lys Lys Asp Ser Lys
Asn Arg Arg Met Lys Trp Lys Lys Asp His Arg
Asn Arg Arg Met Lys Lys Lys Arg Leu Leu Leu
Asn Arg Arg Val Lys Glu Lys Lys Val Val Ser
Asn Arg Arg Met Lys Tyr Lys Lys Asp Gln Lys
Asn Arg Arg Met Lys Trp Lys Lys Asp His Lys
Asn Arg Arg Met Lys Met Lys Lys Met Ser Lys
Asn Arg Arg Met Lys Leu Lys Lys Met Ser Arg
Asn Arg Arg Met Lys Trp Lys Lys Glu Asn Asn
Asn Arg Arg Met Lys Glu Lys Lys Leu Asn Arg

conceptual

translation of homeobox sequences shown in 2A) and 20 previously
reported (9) homeodomains.
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L--M----D- -Y-V-RL-N- ----Voouo-
L--M----D- -H-V-RL-N- S---V
L--M----D- -Y-V-RV-N- ----V.
L--M----D- -Y-V-RI-N- ----V
L--M----D- -H-V-RL-N- S---V. .
L--A-VSKQK -W-L-RN-Q- -=-=-Vocou-

HOX1G TRKK-CP--K
HOX2E SRKK-CP--K
HOX38 TRKK-CP--K
HOX4C TRKK-CP--K
X1Hbox6 SRKK-CP-SK
iab-7 VRKK-KP-SK

---VS---G-
-VS§---G-
—--VS---A-
---VS---G-
—--VS---G-

PR Y S

HOX2D  -R------S-
HOX3A  -RS-----S-
“R--====S-

Veooooaaa -

PR Y S

“T-Hocoocc —ooMecoecs cmccmaece o

RN
[ R B R R NI

P--0-TA---

HOX2G S--A-TA--S
HOX4A S--V-TA--S
R6 HP--CTA--S
Hox1.S S----TA---
z1 L--S-TAF-S
22 S--S-TAFSS L-LI---R-- -L-K--A-T- ----SQR-A- ----V-o--

-----F--DIQ
—--=-L--STN R--AI

HOX2H  AR-L-TA--N T-L-----=- -—-K--C-P- -V---AL-D- ----V-V--- -----H-RQTG HREP-
PG-L-TA--N T-L-=e-==c ---K--C-P- -V---AL-D- ----V-V-=- -----H-ROT?
HOX2T PSGL-TNF-T - -
Hox1.6  PNAV-TNF-T
lab NNS--TNF-N

----G--RER EG-RV
-G--RE- EGLL-
....... Q--RV- EGLI-

---K--S-A- -V---AT-E- N-T-V
-k -V---AS-0- N-T-
—————— A= —me NT-G- N-T-V-

HOX1H  GRKK-CP--K He-ocooe- - L--M----E- -L--SRSVH- -D--V--ooc -oeuc L--M-R ENRIR
HOX4D  GRKK-CP--K H------cou L--M----E- -L--SRSVN- -D--V----= -----L--MSR ENRIR

HOX1I  TRKK-CP--K --IR---R-- F-SV-INKEK -LOLSRM-N- -D--V----- -----E--I-R DRLOY
HOX4F  SRKK-CP--K --IR---R-- F--V-INKEK -LOLSRM-N- -D--V----- -----E--L-R DRLOY

HOX3F SRKK-KP-SK L-LA---G-- LV-EFI--Q- -R-LSDR-N- SDQ-V----- -----K-RLLL REGAL

HOX3G  GRKK-VP--K V-LK-----Y AASKFI-KEK -RR-SATTN- S---VT---- ---V-E--VVS KSKA-
HOX1J  GRKK-VP--K V-LK---R-Y AT-KFI-KDK -RR-SATIN- S---VT---- ---V-E--VIN KLKTT
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Drosophila HDs. For example, HOX1A, 2C and frog MM3 HDs differ
by a single amino acid residue from the Drosophila Antp HD.
These four HDs identify a sub-class or HD group. HD groups thus
obtained are shown in Fig. 3.

Nine groups were previously reported (9,20). Seven new
human homeoboxes have now been identified upstream from the HD
group containing HOX1G, 2E, 3B and 4C. On the basis of their
primary sequence the encoded HDs appear to belong to at least
four additional groups (Fig. 3), the first comprising HOX1H and
4D (homologous to the murine Hox-5.3 (21)), the second HOX1lI and
4F, the third HOX3F and the fourth HOX3G and possibly HOX1J. It
is noteworthy that HOX1H and 4D share also the pentapeptide
Glu-Asn-Arg-Ile-Arg immediately downstream from the HD (Fig. 3).
Similarly, HOX1I and 4F share the downstream pentapeptide
Asp-Arg-Leu-Gln-Tyr. It has already been noticed that often the
HDs of the same group share homologous downstream pentapeptides,
most notably in the group including HOX1D, 2F, 3E and 4B and the
Deformed (Dfd) HDs (17,9).

Therefore, at 1least 13 human HD groups can now be
identified. Human HDs belonging to the same group occupy
homologous positions in their respective HOX 1loci and it is
possible to align the four HOX 1loci of Fig. 1. so that corres-
ponding HDs in all loci share the maximal peptide segquence
identity (17,9). For example, HDs 2A and 1C are identical, HDs
2D and 3A differ by a single amino acid residue, HD 3D differs
for 6 residues from HD1C but for 9 residues from both HDs 1B and
1D and so on (Figs. 2B and 3). The alignment of human loci thus
obtained is shown in a schematic form in Fig. 4, where alterna-
tive designations of reported HDs have been indicated. Murine
Hox-1.5 and 1.6 HDs have also been included to complete the
picture as their human homologues have not yet been isolated.

The correspondence of individual HDs in the four HOX 1loci
suggests the hypothesis of large-scale duplications of a single
homeobox gene complex with a subsequent dispersion in different
<~hromosomes (22,17,9). Obviously it is not necessary for every
HOX locus to contain the same number of homeoboxes. 1In fact, no
murine homeobox has been identified between Hox-1.5 and Hox-1.6
and for the time being we have failed to detect predicted
homeoboxes between HOX1G and 1A, between HOX3A and 3C and HOXAE

Fig. 3. List of homeodomains.

The one-letter amino acid code 1is used. All sequences are
compared to the Antp HD. Dashes indicate amino acid identity.
Human HOX and 2 murine HDs (Hox-1.5 and Hox-1.6) are named
according to accepted nomenclature. Other HDs retain their
original identification. Grouped sequences represent closely
related HDs. The first 9 groupings correspond to groups I-IX
(9) of Fig. 4 below. Other 4 tentative human groupings follow.
5 amino acid residues following the HD are also shown. X1lHbox 1
to 7, MM3, Xhox-36, Xhox-1lA and -1B are Xenopus HDs; R
designates rat HDs; pS are salmon HDs (34); ZF HDs are from
zebrafish and Ghox2.2 is from chicken (35). All remaining HDs
are from Drosophila genes. Sequences are from Ref.7 when not
otherwise indicated. The three a-helix domains are indicated.
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and 4B. In the far upstream regions of the four HOX loci we
failed to detect any HOX1 homeobox between HOX1lJ and 1I, any
HOX2 homeobox upstream from 2E, and any HOX3 homeobox between
HOX3F and 3B (Fig. 4). After the separation of the four 1loci
some homeoboxes may have been 1lost because of accumulated
mutations or by intrachromosomal deletions. Conversely, some
homeoboxes might have been gained by gene duplication (17).

It has been shown that some mammalian HD groups can be put
in a one-to-one correspondence with the HDs contained in
Drosophila homeotic genes present in ANT-C and BX-C (17,20,21,
9). As indicated in Fig. 4, there is a particularly significant
correspondence between mammalian groups and fly homeotic genes
Abdominal-B (Abd-B), Antp, Dfd, proboscipedia (pb) and 1labial
(1ab), in this order, 5' to 3' with respect to the trans-
criptional orientation of the mammalian homeoboxes. These
observations suggest that <the mammalian HOX 1loci are true
homologues of the insect homeotic gene complexes (reviewed in
Ref. 2). Comparative analysis of vertebrate and fly HDs shows
that amino acid changes within the a-helix subdomains are
remarkably constant within individual groups and show an ordered
variation between different groups (Fig. 3), suggesting that the
selective pressure on the peptide sequences has allowed a
moderate diversification of the various HD groups in specific
structural subdomains (9). This ordered diversification must
play a fundamental role in the regulatory network involving HOX
and homeotic gene products.

On the other hand, the HD represents only a domain of these
gene products and a comparative analysis of vertebrate and fly
homeoproteins is necessary. Some predicted homeoproteins
encoded by vertebrate and fly homeobox genes have been reported.
We analysed the predicted gene products corresponding to human
HOX2G, 2H and 2I (Figs. 5-8).

Using HOX2G, 2H and 2I homeoboxes as probes we screened a
CDNA library prepared from poly(A)+ RNA of human teratocarcinoma
N-TERA2 cells cultured for 14 days in 10 uM retinoic acid (12,
13). Three cDNA clones were isolated containing extended open
reading frames including the expected HDs of HOX2G, 2H and 2I,
respectively. Fig. 5 shows the intron-exon organization of the

Fig. 4. Schematic representation of 30 human HOX HDs (circles)
in the 4 chromosomal 1loci. Below the circles are shown the
names of known murine Hox homologues along with laboratory
designations of 6 HOX HDs (cl, c8, cl0, cl3, cpll and cpl9). K8
designation is from Ref. 30. The four loci have been aligned in
such a way as to minimize amino acid changes of HDs placed in
the same column. Murine Hox-1.5 (22) and Hox-1.6 (25,28) HDs
have also been included. Stippled small circles indicate HDs
predicted in the scheme but not yet identified. Groups I-IX of
Ref. 9 are shown below the scheme. HDs from Drosophila BX-C and
ANT-C genes are indicated above the scheme. Each fly HD has
been placed on top of the group of human HDs to which it is most
closely related in sequence. Correspondence of HDs in brackets
is unclear. The sequence of the pb HD has not been published,
but it appears to differ from the HOX2H HD for only 4 amino acid
changes (David, L. Cribbs and Thomas C. Kaufman, personal
communication).
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Fig. 5. Intron-exon organization of three cDNA clones

containing HOX2G, 2H and 2I homeoboxes. The EcoRI (E) map is
derived from clones CD2B and BC206 shown in Fig. 1. Boxes
indicate exons and filled boxes represent homeoboxes.
Initiation and stop codons are indicated in the detailed map of
cDNA clones.

three cDNAs we have determined on overlapping cosmid clones CD2B
and BC206 (Fig. 1). 1In particular, the HOX2G clone we isolated
appears to be comprised of 4 exons spanning 25 kb of HOX2 DNA
(Figs. 5 and 6), whereas the other two cDNAs contain 2 exons
separated by a short intron (Figs. 5,7,8). In every case the
homeobox is present in the 3' exon, as commonly reported so far.

Fig. 6 shows the sequence of the 1.9 Kb cDNA clone encoding
the HOX2G homeoprotein of 431 amino acid residues. It contains
a relatively 1long C-terminal region (183 residues) downstream
from the HD and an unusually high number of amino acid residues
separating the HD from the conserved pentapeptide upstream from
it, variously called YPWM homeopeptide (24,33) or pre-box (23).
This domain appears to be extended by the presence of a stretch
of 23 Gly residues with two interspersed Ser residues. This
unique peptide sequence is present in the HD-containing exon
just downstream from the splice site. A comparison with the
sequence of the related HOX4A homeoprotein reveals that this 25
residue motif is inserted in a precise site of an otherwise
highly conserved peptide region spanning the splice site
(Fig. 6).

Fig. 7 shows the sequence of a 1.5 Kb HOX2H cDNA clone
encoding a 356 residue protein. Also this homeoprotein is
characterized by a 1long 153-residue C-terminus and by a
44-residue domain lying between the HD and the YPWM
homeopeptide. The peptide domain preceding the conserved
pentapeptide is particularly Pro-rich with sequences of 5 and 7
proline residues in a row.

Finally, Fig. 8A shows a HOX2I coding region obtained by
sequencing a short cDNA clone. Comparison of the predicted
N-terminus with that of the murine Hox-1.6 homeoprotein (25)
reveals that 5 amino acid residues upstream from the reported
Hox-1.6 ATG are conserved between the two sequences. This
homology suggests that 5 additional residues might belong to the
coding region of the two homeoproteins. Alternatively, the
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sequence homology may play a role in translational control.
Also in this case the peptide region between the HD and the YPWM
homeopeptide appears to be of interest (Fig. 8B). In fact,
there is a remarkable degree of homology in this domain between
the lab and HOX2I homeoproteins as well as between the lab and
Hox-1.6 homeoproteins, as previously noticed (26).

Discussion

Evidence is accumulating that the HOX 1loci in mouse (22)
man (9) and probably Xenopus (27) arose as duplications of an
ancestral complex locus containing several homeoboxes. Though
the number of homeoboxes in the four loci 1is not strictly
conserved their relative order is. The encoded HDs share a high
degree of homology to each other but it is possible to assign
every HD to a given sub-class or group by inspection of its
primary segquence. HDs of the same sequence group ocCcupy
corresponding positions in the various HOX loci. This is in
part due to the common origin of the four loci as duplications
of an ancestral complex 1locus but we have shown (9) that a
selective pressure on the peptide sequence has been necessary to
maintain the ordered diversity of the various HDs within every
locus. In fact, if one takes into consideration only base
substitutions at the third position of the 61 codons it appears
that all human homeoboxes are uniformly divergent from each
other and from Drosophila homeoboxes (around 50%) (9).

It is by no means clear why several slightly different HDs
have to be maintained in an ordered sequence within every locus.
One can speculate that different HDs bind to different DNA
targets. Alternatively, they may bind to identical or similar
targets with different affinity. In fact, amino acid changes
between different HD groups are not randomly distributed within
the entire domain but are clustered according to what are
believed to be functional sub-domains, like the 3 a-helixes and
the B-turn (9).

Mammalian HOX loci have been shown to be true homologues of
the Drosophila homeotic gene complexes (reviewed 1in Ref.2).
Some of the various HD groups were already distinct when
lineages leading to insects and vertebrates diverged. This
correspondence is particularly clear for the Drosophila HDs of
Abd-B, Dfd, pb and lab and their vertebrate counterparts (Figs.
3 and 4). Identification of other one-to-one correspondences is
a little more controversial (31,2,9, 20,21) but the overall
picture is clear. Moreover, corresponding genes of vertebrate
and Drosophila 1loci show the same relative boundaries of
expression domains along the antero-posterior axis of the
developing embryo. Mammalian and fly genes on the right hand
site of Fig. 4 are expressed in anterior regions whereas genes
on the left hand site are expressed in more and more posterior
regions (2).

Present data confirm and extend this evolutionary scheme.
We report the existence of 7 human homeoboxes upstream from the
Abd-B-1like group which we had previously called group I (17,9).
These new homeoboxes are present in HOX1l, 3 and 4 but not in
HOX2. The encoded HDs are clearly related to the Abd-B HD,
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CGGGGAAAAAATTTGGAACCATAAAGTTGAAAACTTTTTTCTCTCAGTTTGGAAGAAGCCCTTCGTCATGAATGGGATCTGCAGAGTTCGGGCGAGAGGA

G:m GGGGAGATTTGTCGOCTGCCGCTCGCTCTGGGGCTCOATGTGAATATATATTATGTICTGCCTGTTCTCCCCTCGTCGETGGC
T AGGAGGGGGGCAGAGAGGGGAGGTGGGGCGECEC0GCTCCOGCCTGTCACGT GAOCCCCAGG(‘:ET GCCAAT

MetGlnLysAlaThrTyrTyrAspAsnAlaAlaAlaA
GTCCGGTCCTGAGGGTATCAGGCCTTTCCAAGTTGCCACCCACTGCCCAGGCCTCACCCAGCGATGCAGAAAGCCACCTACTACGACAACGCCGCGGCTG 400

20 30 40
1aleuPheGlyGlyTyrSerSerTyrProGlySerasnGlyPheGlyPheAspValProProGlnProProPheGlnAlaAlaThrHisLeuGluGlyAs
CTCTCTTCGGAGGCTATTICCTCGTACCCTGGCAGCAATGGCTTCGGCTTCGATGTCCCCCCCCAACCCCCATTTCAGGCCGCCACGCACCTGGAGGGCGA 500

90 60 70

pTyrGlnArgSerAlaCysSerLeuGinSerLeuGlyAsnAlaAlaProHisAlaLysSerLysGluleuAsnGlySerCysMetArgProGlyLeuAla
CTACC CAGCTIGCTCGCTGCAGTCCCTGGGCAACGCTGCCCCACATGCCAAGAGCAAGGAGCTCAACGGCAGCTGCATGAGGCCGGGICTGGEC 600

g 88

L) %0 100 110
PrccluthrLeuSerAlaProProGlySerProProProSetAlaAlaProThr‘erAlaThrSerAsnSerSerAsnGlyGlyleProSerI.ysSerG
GACCCTGTCGGCCCCGCCTGGCTCACCCOCGCCCAGTGCCGCACCTACCAGTGCCACTAGCAACAGCAGTAATGGGGGCGGGCCCAGC 700
120 130 140

1¥ProProLy%yProGlyrhrAsnSerThrLeuThrLysGlnllePbeProTrplletLvsGluSerAr 1nThrSerLysLeuLysAsnAsnSe
GICCCCCAAAGTGCGGTCCCGGCACCAACTCCACCCTCACCAAACAGATATTCCCCTGGATGAAAGAGTCGAGGCAAACGTCCAAGCTGAAAAACAACTC 800

IleSerLysGlnllePheProTrpMetLysGluSerArgGlnAsnSerLysGlnLysAsn . Se

160 170

rPro-..l ThrA1aGluGlyCysGlysl lyclyGl 1y61yGlyGlyGlyGlySerGlyGlySerGlyGlyGlyGlyGlyGlyGlyGlyGlyGlyAsp
y GCAGAGGGCY(T:y yr’ vG YG % GGCngCYgGXgGCAGTC-JTGGCAGCGGGGGCGGT GGCGGCGGGGGAGGGGAC 900
rCysAlaThrAlaGluSerCys. O 1
(Gl ) 190 200 210

ysSerProProGlySerAlaAlaSerLysArgAlaArgrhr TyrThrSerAlaGlnLeuValGluLeuGluLysGluPhedisPheAsnArgTyrL
AAGA GCOGJCCGGGGTCGGCGGCGTCCAAGCGGGCGCGGACGGCGTACACGAGCGCGCAGCTGGTGGAGCTGGAGMGGAGTTCCAT‘m'MCCGCT ACC 1000

LysSerProProGlyProAla .
220 230 240
Wﬂclmmmmwlw 1nllelyslleTrpPheGlnAsnArgArgietLysTyrLysLysAs
16T GIGTAGAGATGGCCAACCTGCTGAACCTCAGCGAGCGGCAGATCAAGATCTGGTTCCAGAACCGGCGCATGAAGTACAAGAAGGA 1100
230 7o
gclnl.mlaLysclyLwAlaSerSerSerclyGlyProSerProAlaGlySerProProGlnProHetclnSerThrAlaGlyPheﬂetAsnAlauu
CAGAAGGCCAAGGGATTGGCCTCGICGTCGGGGGGCCCATCTCCAGCCGGCAGCCCCCCGCAGCCCATGCAGTCCACGGCCGGCTTCATGAACGCCTTA 1200
200 310

Hlsaerﬂetfhr?roSer'l‘yrGluSerProSerProProAlaPheGlyLysAlaHlsolnAsnAlaTyrAlal.euPrerrAsnTerlnProProLeul.
CACTCCATGACCCCCAGCTACGAGAGCCCGTCCCCACCCGCCTTCGGTAAAGCOCACCAGAATGCCTACGCGCTGCCCTCCAACTACCAGCCCCCTCTCA 1300

J20 0 J40
y5G1yCysGlyAlaProGlnLysTyrProProThrProAlaProGlulyrGluProtiisvalleuGlnAlaAsnGlyGlyAlaTyrGly ThrProThride
ﬁmmmmmmmmmmmcummmrmammc&cc&wwAmmr

I Je0 I’
tclnGlySerProValleralGlyGlyGlyclyryruaAspProl.euProProProAlaGlyProSerl.wryrGlyLeMsnlﬁsl.euSerHisHis
GCAGGGCAGTCOGGTGTACGTGGGCOGGGGCGGCTACGCGGATCCGCTGOCGCOCOCTGCCGGCCOCTCCCTCTATGGCCTCAACCACCTTTCOCATCAC 1500
J00 410

ProSerGlyAsnLeuAspTytAsnGlyAlaPmPro&tAlaProSezGlnH.lsHisGlyProWsGluProlhsProl‘hﬂerhrAspl.euSerSerH
CCTTCCGGGAACCTGGACTACAACGGGGCGCOCOCTATGGCGCCCAGCCAGCACCACGGACCCTGCGAACCCCACCCCACCTACACAGACCTCTCCTCTC 1600

420 4%
isHisAlaProProProGlnGlyAr M;ﬂleGl1'1(31uAlal’l‘o!.ysl.ellI’b.!'ihsleuI'.'ND
ACCACGWTCCICC]‘CAWG{ CCAAGAAGCGCOCAAATTAACACACCTGTGATGGGAAAGGGCGAACGAGGATTAGGGGATGGGGAGGAAGAG 1700
AGAGACTGTGGAGCTCTGGGCEGCAACCTGGAGGTCTGAANAGAGGAGCCAGAGAAGGTGGTACCCAGGCTTCCTGGTCAGAACCGGCCTGGAGCTCCTT 1800
CCCTTCCCCCTGGCCTGAGAGGTTGCTTTTAAGTCTTCCACCCCTIGTTCCATCTGOCTGCCAACCCATCGGAAAGGAATCCACATCATATIGGAGATGA 1900

CCOCATCAACCCCAGGGCTOCAGCACTACCAAGTT 1935

10396



Nucleic Acids Research

especially in the first 10 amino acid residues and can be
divided in 4 (or ©5) HD groups (Fig. 3) bringing the current
total number of groups to 13 (or 14). There is some uncertainty
as to whether HOX1J and 3G belong to the same group. HOX1H and
4D HDs differ for one amino acid change from each other and for
21 and 20 changes, respectively, from Abd-B; HOX1lI and 4F HDs
differ for 3 changes from each other and for 23 and 22 changes
from Abd-B: the HOX3FHD differs for 25 changes from Abd-B. On
the other hand, HOX3G and 1J HDs differ for 6 changes from each
other and both differ for 30 changes from Abd-B. In addition,
whereas HOX1H and 4D share an identical pentapeptide downstream
from their HD as is the case for HOX1lI and 4F, HOX1J and 3G
share only a limited homology in this domain (Fig. 3).

What is the evolutionary position of the new homeoboxes
with regard to the Drosophila gene complexes? They were either
present in the ancestral locus predating the divergence between
insects and vertebrates or, alternatively, they have arisen
specifically in the lineage 1leading to vertebrates. If one
accepts the first hypothesis it is necessary to explain why they
seem to be absent in the Drosophila complexes, in particular in
BX-C. One possible explanation is that they are present in the
Drosophila genome, clustered in a different gene complex or
scattered. Another possibility is that they were lost in the
evolutionary lineage leading to flies, due to some peculiarity
in their development. As a matter of fact, terminal abdominal
segments appear to be missing or fused in Drosophila as compared
to the situation of other insects (31,32). A third possibility
is more intriguing. The 5 mammalian upstream HD groups may all
correspond functionally to Abd-B. In Drosophila a huge genomic
region containing several elements (iab-3 to iab-7) controlling
the expression of the Abd-B homeoprotein might play the role of
5 mammalian homeoproteins.

On the other hand, these new HD groups may have arisen
specifically in the evolutionary lineage leading to vertebrates
in view of the development of specific body structures or in the
frame of a general increase of complexity. Specific body
structures that could be considered are, for example, the
hindlimbs and the pelvic girdle or genitalia. Drosophila legs
are thoracic whereas hindlimbs of tetrapods imply very
specialized anatomical structures 1localized posteriorly. In
situ hybridization experiments are required to assess these
hypotheses along with a genetical analysis possibly through
reverse genetics and analysis of transgenics.

The HD is only a portion of the homeoproteins. Henceforth,
comparison of mammalian and £fly homeoproteins might cast

Fig. 6. Nucleotide sequence of a HOX2G cDNA clone and its
conceptual translation. The conserved pentapeptide and the HD
are underlined. Arrowheads point to splice sites. The peptide
sequence of a domain of HOX4A has been aligned to the corres-
ponding HOX2G domain. Dots indicate a deletion. A glycine
residue present in HOX4A, but not in HOX2G, is shown in
brackets.
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MetAsnPheGluPheGluAr,
GAATTCCGGGGGGGGETOCCTICOGATCCTCOCTCCTGACGCCCCOCCCAGCAGOCCCCTCOCCCACCATTGAAAGCCATGAATT TTGAAT TT 100
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GlyProAlaLeuProProProProProProProleuProAlaAl YSG YS Y8,

400
110 120
eI'GlnSerAhThrSerProSerProAlaAlaSerAllValProAlaSelGlyValGlySerProAl lyleuGlyLall’roGluAhGlﬁlyGl
GCCAATCOGCCACGTCTCCTTCTCOGGCCGOCTCOGCCGTTCCGGCCTCCGGGGTCCRA 500

AsnThrélaleuleuGluLewGlul; m
m%mmmmﬁmmum 600
100
GluIleAlaAlaLeuleuds, vmnvum ThrGlnHisArgGluProP
GAGATCGCGGCCTTGCTGGA mm W AOGCAGCACCGﬁAGwGC 700
210 240 .

roﬁsrlycluProAlaCYsProGlyAlalalGluAsleeCysAspProAlaGluGluProAlaAlaSerProGlyGlyProSerAlaSerArﬁaAl
CGGATGGGGAGCCTGCCTGCCCGGGAGCCCTGGAGGACATCTGCGACCCTGCCGAGGAACCCGOGGCCAGCCCGGGCGGCCCCTCCGCCT!

230 260 270

TrpGluAlaCysCysHisProProGluValValProGlyAlaLeuSerAlaAspProArgProLeuAlaValArgleuGluGlyAlaGlyAlaSerSer
émrgu&wmw&mmmmmmnummmém wﬁr "AGAGGGCGCAGGCGCGTCGAGT

ProGlyCysAlaLeuArsglyAlaGlyGlyLalGluProGlyProuuProGluAspValPhe&rGlyAr pSerProPhelmProAsplﬂA 1000

a0 340
aAlaAs w:clnlmSerGlycl leuSerProSerLeuGlnGlySeerAspSerProValProPhﬁerGlnGluGluLe
smmmwocm pseocr%smmnmmmy CTCCCCTAGCCTACAGGGTTCTCTOGACAGCCCGGTCCCTTTTTOOGAGGAAGAGCT 1100
80

lA\lesAl [1eAspLeuGLnPheProEND
$ o ; gcrmmmmmcmocrccrwommmwcmammam 1200

TGGAAAAATCGAGCCTCTCCCACCCTCAGTCGCATAGACTTATGTGTTTTGCTAAAATTCAGGTATTACTGAATTAGCGTTTAATCCACTTCCTTICTIC 1300
TICTICTAAMATATTGGGCACTCGGTTATCTTTTAAAATTCACACAGAAAAATTCCGTTTGGTAGACTCCTICCAATGAAATCTCAGGAATAATTAMACT 1400
CTAGGGGGACTTTCTTAAAAATAACTAGAGGGACCTATTTTCCTCTTTTITATGTTTTAGACTGTAGATTATTTATTAAMATTCTTTAATAATAGGAMAA 1500
GGGGAAAGTATTTATTGTAC 1520

Fig. 7. A HOX2H cDNA clone. Symbols as in Fig. 6.

additional 1light on the evolution of these functional
structures. Often the pentapeptide immediately downstream from
the HD is conserved in human homeoproteins of the same group
(Fig. 3). This is particularly evident for the Dfd-like group
but also for groups lying both to the far right and far left of
Fig. 4.

A second conserved motif in mammalian and fly homeoproteins
is the pentapeptide centered around the YPWM core. We found it
in every human HOX homeoprotein we looked at. They are 15 so
far, namely HOX1B, 1D, 2A, 2C, 2D, 2F, 2G, 2H, 21, 3A, 3¢, 3D,
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ValThrSerEND
GTCACCTOCTGAACTGAACCTAGCCACCAATGGGGCTTCCAGGCACTGGAGCGOCCCAGTCCAGOCCTATCCCAGGC TCTCCCAACCCAGGCCTGGCTTC 1000

ACTGCCTGGGATCTCTAGGCT 1021
B

Hox2t [[EDWMK VIKENIPIERIT YA K Vs E P -[ELGSlH—— {AOMEODOMAIN
Hox-1.6 [[L.OWMK VIEENPERTYGKVGEY GY V G Q———{HOMEODOMAIN_

lab [ Xwdo  KENVERPQYAPK L PAS - G 1 ASMH

]
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L s4aa Gs

[G LS Sg)
S L S S N T—{HOMEODOMAIN

Fig. 8. A) A HOX2I cDNA clone. Symbols as in Fig. 6. Two
possible initiating Met are boxed. B) Alignment of corresponding
domains of HOX2I, the murine Hox-1.6 (25,28) and Drosophila lab
{26,29) homeoproteins. Homologous peptides are framed or
underlined. An arrowhead represents the splice site and two
cysteine residues are circled. Dots indicate deletions. 54 aa
indicates a stretch of 54 amino acid residues. Only one of
several possible alignments of the lab domain downstream from
the splice site is shown.
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YPWM ' HOMEODOMAIN

NH. COOH

Fig. 9. Conserved domains (shaded boxes below the 1line) in
homeoproteins. The amino-terminal domain may consist of 5-25
amino acid residues. The central domain extends from a few
residues preceding the conserved YPWM pentapeptide to five
residues following the HD.

3E, 4A and 4B. This pentapeptide 1is present in Drosophila
homeotic genes but not in non-homeotic ANT-C genes containing an
HD like fushi tarazu (ftz), zerknullt (zen) and bicoid (bcd).
It appears that the pre-box, rather than the homeobox itself,
discriminates true Drosophila homeotic genes (9).

This small domain might play a functional role complementa-
ry to, or in conjunction with, that played by the HD. The two
domains are encoded in two different exons and are separated by
a variable number of amino acid residues. The cooperation of
the two domains may be independent of the distance, provided
that this is not too large. Alternatively, different distances
may be required for the specific function of various homeo-
proteins. Often the region between the YPWM homeopeptide and
the HD is conserved in homeoproteins of the same group. We have
shown that this is also the case for the group including HOX2I,
Hox-1.6 and lab (Fig. 8B).

In summary, two domains are generally conserved in homeo-
proteins (33) and appear to be relevant in assigning homeo-
proteins to the various groups: the amino-terminal and a 1large
domain spanning the homeopeptide, the HD and the downstream
pentapeptide (Fig. 9).
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